ABSTRACT: A single strain of Pseudo-nitzschia multiseries was grown axenically and in parallel cultures to which selected bacterial species isolated previously from P. multiseries cultures were added (non-axenic culture), an Alteromonas sp. (a producer of gluconic acid/gluconolactone when grown with glucose) and a Moraxella sp. (a non-producer of gluconic acid/gluconolactone). When gluconic acid/gluconolactone was added to the axenic culture the production of domoic acid was increased to double that produced by the non-axenic culture. The effect of the gluconic acid/gluconolactone on domoic acid production was concentration dependent and could be offset completely by the addition of glutamic acid or proline to cultures containing gluconic acid/gluconolactone. Domoic acid, depending upon culture conditions, was partitioned in varying percentages between the diatom cells and the culture filtrates. It is suggested that the enhancement of the algal production of domoic acid in the presence of specific bacteria could be influenced by production of gluconic acid/gluconolactone by bacteria; this effect may be a direct result of the antagonistic effect of the powerful sequestering properties of gluconic acid which, through tying up nutrients, induces the diatom to produce a counter chelating agent, domoic acid.
INTRODUCTION
The neurotoxic properties of domoic acid were demonstrated in 1987 by a major episode of acute human poisoning (Bird et al. 1988 , Subba Rao et al. 1988 , Bates et al. 1989 , Wright et al. 1989 , Perl et al. 1990 , Todd 1990 , 1993 . These reports showed the episode was caused by consumption of cultured blue mussels Mytilus edulis from the tidal Cardigan River and estuary (Prince Edward Island, Canada) which possessed high concentrations of domoic acid, up to 900 pg g-' (Quilliam et al. 1989 , Wright et al. 1989 ). The domoic acid was produced by a diatom, then ' Permanent address: Laboratory of Aquacultural Biology, Faculty of Agriculture, Tohoku University, Sendai 981, Japan "Addressee for correspondence. E-mail: james.stewart@maritimes.dfo.ca Canada; as well domoic acid was shown to be produced by several species of the diatom including one from the Gulf of Mexico (reviewed by Villac et al. 1993 who referred to the diatom by the identifier, Pseudonitzschia pungens f . multiseries). Domoic acid outbreaks have also occurred on the west coast of North America, causing the death of pelicans and cormorants in Monterey Bay, California, which had fed on anchovies contaminated with domoic acid; levels of domoic acid which exceeded legal standards have been recorded in razor clams and Dungeness crabs along the coasts of California, Oregon and Washington (reviewed by Villac et al. 1993) . As a result of these episodes comprehensive monitoring programs have been initiated utilizing costly high i;eifoimaiice liquid chroiiiatography (I :PLC) to test shellfish for domoic acid prior to their being approved for sale. In addition, programs to develop more rapid and direct methods for detecting domoic acid were begun. One involved ion mobility spectrometry (IMS) applied directly to raw mussel fluids (McLachlan et al. 1993 ) which detected a marker compound. Although the marker compound was present without exception only in those mussels (more than 200 mussels) shown separately, by HPLC, to contain domoic acid, the marker compound was not domoic acid; domoic acid, as determined by IMS, exhibits a lesser peak at a different place in the spectrum (D. G. McLachlan & A. H. Lawrence pers. comm.). Application of mass spectrometry to the marker compound showed it to be gluconolactone (McLachlan et al. 1993) which was present at concentrations of around 1 X 1-19 ml-' of mussel fluid (D. G. McLachlan & A. H. Lawrence pers. comm.). Collaborative work with McLachlan and Lawrence by one of us (J.E.S.) showed that extracts from bacteria, isolated from close associations with the domoic acid producing diatom, contained a co~npound similar to the marker compound, gluconolactone. This was of particular interest as Douglas & Bates (1992) and Bates et al. (1995) had shown that although axenic cultures of the diatom produce some domoic acid, those cultures which were associated with bacteria produced larger amounts.
Preliminary studies in our laboratory showed that gluconolactone or more properly an equilibrium mixture of delta gamma lactones and gluconic acid, a powerful sequestering agent (Merck Index; Windholz 1983) , glutamic acid and proline alone and in various combinations over a series of concentrations had direct effects on the cell appearance and growth of the diatom. Thus, we undertook to investigate the effect the gluconic acid/gluconolactone mixture had on domolc acid production by the diatom now raised to the status of a full species and renamed Pseudonitzschia multiseries (Hasle 1995) .
MATERIALS AND METHODS
The diatom used throughout this study was isolated originally from New London Bay, Prince Edward Island, on October 18, 1991, by Kevin Pauley, who designated it KP-59 and, after examining it by scanning electron microscopy and acquiring proof of domoic acid production, attached the name Pseudonitzschia pungens f. multiseries, now altered to Pseudo-nitzschia multiseries (Hasle 1995) . Axenic P. rnultiseries subcultures were prepared by treating non-axenic liquid cultures with the antibiotic ampicillin (1 mg ml-' of culture medium) overnight, followed by subculture in fresh antibiotic-free medium. Subcultures were examined microscopically and bacteriologically using =IFCC ?~?arifie Agar afid Zroth (nY2216j. The subcultures in which no bacteria were observed or could be cultured were used for axenic studies; identical examinations were carried out after the completion of studies to ensure that the cultures were still axenic. Diatom numbers were determined by direct microscopic counts on samples removed from the growth flasks, mlxed with fixative (2% final concentration of 1:l forma1in:glacial acetic acid) and settled in glassbottomed counting chambers.
All diatom growth studies were carried out in duplicate or triplicate and performed at 20°C in a continuous cool-white fluorescent light regime measuring 170 k 30 pm01 m-2 S-' (QSL light meter, Biospherical Instruments Inc.). The growth medium was a modification of that proposed by Harrison et al. (1980) ; the steam-sterilized trace metals and nutrients (minus the silicate and boric acid and with NaH2P04 substituted for glycerophosphate) were added aseptically to steamsterilized natural sea water (taken from bulk supplies collected from Bedford Basin m the fall of 1990, passed through a 53 pm pore size filter and stored unsterilized in closed containers at room, temperature) followed by the aseptic addition of the vitamin mixture and 1 m1 1-' (0.035 g) of a Na2Si03.9H20 sterile solution to give a final silicate concentration of 0.123 mM.
The 2 bacterial species used had been isolated earlier from a Pseudo-nitzschia rnultiseries culture. In a separate study (Stewart et al. 1997 , in this issue), one was identified as an Alteromonas sp. which produced gluconic acid/gluconolactone from glucose and the other as a Moraxella sp. which did not produce gluconic acid/gluconolactone. Marine Agar was used for maintenance of the bacteria, checks on their presence, and for counting colony-forming units (cfu) in serial dilutions of the algal medium.
To determine the effect of bacteria on the production of domoic acid by Pseudo-nitzschia rnultiseries, the Alteromonas and Moraxella sp. were washed from agar slants with sterile 3% NaCl and added to axenic cultures of P. multiseries to give the cultures referred to in this report as non-axenic. These were also cultured at 20°C in continuous light and were transferred at 2 wk intervals to ensure cultural stability prior to their use in the experiments.
Glutamic acid, proline, glucose (Sigma Chemical Co.) and gluconic acid/gluconolactone (BDH Chemicals Ltd) were dissolved in the algal culture medium and adjusted with NaOH to pH 8.0. Appropriate volumes of these solutions sterilized by filtration (0.22 pm pore size filters) were added to the standard growth volume of 20 m1 in the culture flasks (50 m1 capacity polystyrene sterile tissue culture flasks, Nunc Inc.) at the beginning of the experiments or at Day 6 of the growth period.
From each culture flask 2 m1 was removed every 4 or 6 d and the cells were sedimented by centrifugation (500 X g for 10 min at 4OC) to provide the culture filtrates containing the extracellular domoic acid. These filtrates were stored at -80°C for later determination of the domoic acid. The sedimented Pseudo-nitzschia multiseries cells were resuspended in 3% NaCl, washed twice by centrifugation (500 X g) and finally resuspended in 2 m1 phosphate-buffered saline (PBS; 10 mM phosphate buffer at pH 7.2 containing 0.85% NaC1). The suspended cells were then ruptured by treatment for 1 min with a Sonic Dismembrator 300 (Artek System Corporation) equipped with a titanium microtip and operated at 35% maximum power (ca 100 W). The resulting homogenate was centrifuged (10000 X g for 10 min) to remove debris; the resulting supernatant fluid, which now contained the intracellular domoic acid, was stored at -80°C to await analysis. Domoic acid analyses were performed using an enzyme-linked immunosorbent assay (ELISA) shown to be specific for domoic acid (range 0.1 to 1000 ng domoic acid ml-') and to exhibit no cross reactions with kainic acid, glutamic acid O i proline (Osada et al. 1995) . For these analyses 182 p1 of each cellular extract or 10-fold PBS dilutions of the extracellular material (culture filtrates) was dispensed in 96-well microplates previously coated with domoic acid conjugated with ovalbumin and blocked with bovine serum albumin. The antibody (18 p1 well-' of a 1000-fold dilution of rabbit anti-domoic acid serum) was added and incubated at room temperature for 1 h. Following washing with high ionic strength solution, 210 p1 of a 1000-fold dilution of horseradish peroxidase conjugated with goat anti-rabbit immunoglobulin (GIBCO) was added to each well; these were incubated for 1 h, and then washed again. The substrate solution (210 p1 well-'), consisting of 50 mM citrate buffer (pH 5.0), o-phenylendiamine-HC1 and H202, then was dispensed to each well; the enzyme reaction was terminated by the addition of 50 p1 of 2.5 N H2S04 after incubation for 10 min; absorbance was recorded then by microplate reader (Thermo Max, Molecular Devices) using 490 nm sample wavelength and 620 nm reference wavelength. The standard curve was obtained by dispensing a series of authentic domoic acid concentrations (Diagnostic Chemicals Ltd) in place of samples. Each sample and standard domoic acid concentration was assayed in duplicate or triplicate. Domoic acid production in the whole cultures of Pseudo-nitzschia multiseries was expressed as cellular and/or filtrate domoic acid; domoic acid in picograms per cell (pg c e l l ' ) was calculated by dividing the total domoic acid produced by the number of algal cells per unit assayed.
RESULTS
The growth of Pseudo-nitzschia multiseries alone or in the presence of varying combinations of proline, glutamic acid, gluconic acid/gluconolactone or bacteria is shown in Fig. l a and the domoic acid production in Fig. l b . Evident in the growth curves is the fact that the axenic culture without additives exhibited more rapid and substantially greater growth than did the non-axenic culture (i.e. axenic culture plus additions of Alteromonas and Moraxella sp.). None of the 3 additives (proline, glutamic acid or gluconic acid/gluconolactone), when added singly at these concentrations, appeared to affect growth greatly. The combination of gluconic acid/gluconolactone with glutamic acid, however, repressed growth markedly. When proline was added to cultures along with gluconic acid/gluconolactone, growth was repressed in the early stages, but not as much in the later stages as it had been by the combination containing glutamic acid.
It can be seen in Fig. l b and Fig. 2 that the largest quantity of domoic acid was produced by the axenic culture suppiemented with gluconic acid/gli;conolactone; this was close to double the quantity produced by the non-axenic culture and several times greater than that produced by the axenic culture without additives. Apparently the addition of either proline or glutamic acid in combination with gluconic acid/gluconolactone suppressed not only Pseudo-nitzschia multiseries growth, but also the stimulatory effect gluconic acid/gluconolactone had on domoic acid production (Fig. 1) . Interestingly the domoic acid in these trials was partitioned between the culture filtrate and the cells (Fig. 2) ; as the stationary phase of growth was reached the proportion of the domoic acid which appeared in the culture filtrates increased markedly.
As can be seen in Fig. 3a the range of gluconic acid/gluconolactone concentrations had very little effect on the growth of Pseudo-nitzschia multiseries, but had a major impact on the production of domoic (Fig. 4b) . Once more the production of domoic acid was Days shown to be enhanced by the presence of gluconic acid/gluconolactone (Fig. 4c) ; it was 2.5 times greater (Fig. 3b, c) . Total domoic acid production increased with increasing concentrations of gluconic acid/gluconolactone up to about 0.5 mM; once more the domoic acid released to the culture filtrates was greater at the higher concentrations of gluconic acid/gluconolactone than at the lower; again the addition of proline suppressed the stimulatory effect of the gluconic acid/gluconolactone. As shown in Fig. 3c even a brief increase in the incubation period (4 d) in the stationary phase increased considerably the amount of domoic acid produced. A subsequent experiment using non-axenic cultures (i.e. the axenic culture plus Alteromonas and Moraxella sp.; Fig. 4 ) illustrated that although neither gluconic acid/gluconolactone nor proline added singly had an appreciable effect upon Pseudo-nitzschia multiseries growth in the presence of these 2 bacterial strains (Fig. 4a) , the proline had a marked stimulatory impact on the growth of the bacteria in the culture Douglas & Bates (1992) stated 'microbial involvement is not essential for growth or for DA (domoic acid) production by N. pungens f. multiseries'. Our results confirm their conclusions and show in Fig. 1 that this diatom, Pseudo-nitzschia multiseries, in this instance actually grew much better in the axenic control culture (no additives) than it did in the non-axenic control culture (also grown without additives). It should be noted, however (Fig l) , that the non-axenic control culture, although not growing as well, produced 5 times more domoic acid than was produced in the axenic control culture. As cited by Douglas & Bates (1992) a number of authors have noted that domoic acid production is quite variable depending upon the circumstances of growth and the stages of the growth cycle. In our study, as in those by Douglas & Bates (1992) and Bates et al. (1995) , it was usual to find significantly higher levels of domoic acid produced when bacteria were present in the culture than when they were absent. The amounts of growth and domoic acid produced Error bars are * SE (n = 3). Abbreviations as in Fig. 1 Fig . 3 . Pseudo-nitzschia rnultiseries. Effects of various gluconic acid/gluconolactone concentrations on growth and domoic acid production in axenic cultures. Error bars are + SE (n = 3). Abbreviations as in Fig. 1 here by axenic cultures of P. multiseries in the presence of gluconic acid/gluconolactone are almost identical to the concentrations of domoic acid reported by Bates et al. (1995) for the same incubation periods for axenic cultures to which specific bacterial isolates were reintroduced. Interestingly, these authors showed that the domoic acid production varied depending upon the particular bacterium reintroduced; the production of domoic acid by those cultures with the native microflora exceeded b y a considerable margin those with a single species of reintroduced bacteria. Presumably the bacterial influence is related to a fact o r (~) produced in the association with the diatom. One such bacterially produced factor influential in domoic acid production is gluconic acid/gluconolactone.
Of considerable interest and probable importance is the fact that, as growth proceeded, increasing amounts of domoic acid were released by the diatom to the surrounding medium. This is in accord with the findings of Subba Rao et al. (1990) , Bates et al. (1991) and Pan et al. (1996a, b, c) . In fact, Bates et al. (1991) and Pan et al. (1996a) showed that in the very late stages of prolonged stationary growth the proportion of domoic acid in the culture filtrates rose to between 75 and 85 O/o of the total produced. Pan et al. (1996a) suggested that the increased release of domoic acid might be a product of defective cell membranes resulting from nutritional deficiencies, in their example, phosphate. Clearly, in the studies cited above, nutritional deficiencies resulted in reduced growth and an earlier onset of +po . . , st,+inn=v~r .G. ,..,,, phasc which t;.as acccmpariicd by an earlier and greater total production of domoic acid. The partitioning of the domoic acid between the cells and the surrounding fluid, however, does not appear to be a simple function of nutritional deficiencies. The data in Fig. 2 illustrate that release of domolc acid occurred even in the very early growth stages in the complete medium as well as when the medium was altered with varying combinations of simple additives such as amino acids, gluconic acid/gluconolactone or bacteria. Thus maintenance of domoic acid levels in the surrounding medium appears to be the norm; its concentration increases with growth and presumably nutrient exhaustion as the diatom enters the stationary growth phase.
Although the effect of gluconic acid/gluconolactone on domoic acid production is concentration dependent (Flg. 3) it does not have a marked effect on growth of either Pseudo-nltzschia multiseries or bacteria in the non-axenic culture (Fig. 4b) . It was also shown in a preliminary experiment that domoic acid production was enhanced in cultures containing glucose and Alterornonas sp. (a gluconic acid/gluconolactone producing bacterium), but not in those cultures containing glucose and Moraxella sp. (a nonproducer of gluconic acid/gluconolactone) (authors' unpubl. results).
One question that remains unanswered is the reason for the sparing actlon of proline or glutamic acid on the induction of domoic acid by gluconic acid/gluconolactone (Figs 1 to 4) . Combinations of gluconic acid/gluconolactone with either proline or glutamic acid gave identical results and were just as effective in axenic as in non-axenic cultures. In addition, these combinations repressed Pseudo-nitzschia multiseries growth in the axenic cultures. This suggests that the effect was primarily upon the diatom and not upon the bacteria. The fact that proline and glutamic acid had approximately the same effects is not surprising as metabolically the two are readily interconvertible; Laycock et al. (1989) showed that glutamic acid was present in substantially higher concentrations than proline in domoic acid producing Nitzschia pungens (presumably a strain of P. multiseries) cells grown in non-axenic cultures. Thus, it is probable that the flnal effect resulting from the addition of either amino acid could be attributable more to glutamic acid than to proline.
The collaborative stud~es with McLachlan and Lawrence had suggested a bacterial source for gluconolactone. Further work by Stewart et al. (1997) showed that the bacteria closely associated with Pseudonitzschia multiseries always included at least 1 specles capable of producing gluconic acid/gluconolactone from glucose and that P. multiseries contained free glucose and sorbitol. Thus all the necessary ingredients wou!ct be nvai!ab!e for :he prod.Gc:ion of gl ..---UCUIIIL :-acid/gluconolactone under the circumstances wherein McLachlan et al. (1993) detected gluconolactone in the domoic acid-laced mussels, i.e. a source of glucose from the diatom and a bacterial agent capable of converting the glucose to gluconic acid/gluconolactone.
At this stage we do not have a proven explanation [or the induction of domoic acid production in Pseudonitzschia multiseries by gluconic acid/gluconolactone. Enough information is available, however, to permit limited speculation. Various studies have shown that although different strains of P. multiseries yield varying amounts of toxin, all have 1 element in common, they tend to produce domoic acid mainly after growth has entered the stationary phase. This phase occurs after the nutrients sustaining exponential growth are depleted or culture conditions have deteriorated, i.e. when the culture has entered a period of physiological stress. When P. multiseries was grown in media in which the concentrations of phosphorus or silica were below the required optimum, domoic acid production was enhanced; this enhancement of domoic acid was eliminated proportionately by adding to the growth medium graded amounts of phosphorus or silica, thereby overcoming nutrient stress (Pan et al. 1996b. c) . Another influence is the ammonium concentration; Bates et al. (1993) showed that very high concentrations of this ion tended to inhibit growth of P mtrltiseries compared to growth with, the same nitrogen levels in the form of nitrate, thereby initiating the stationary growth phase earlier and at a lower total number of cells. The smaller number of cells that d~d grow, however, produced higher concentrations of domoic acid than did those growing in the presence of nitrate alone. Thus domoic acid production and its release from the diatom to the surrounding medium are enhanced directly by nutrient reduction brought about by the exhaustion of the nutrient supply through growth, limlted initial supply or excessive concentrations of otherwise suitable nutrients (e.g. ammonium ion).
Gluconic acld is a powerful sequestering agent and for that reason 1s produced comme~clally f o~ inclusion in cleaning compounds, domolc acld, as well, has the structure of a powerful chelating agent We suggest, on the b a s s of the evidence cited above that the true function of algally produced donlolc acid could be to act on behalf of the diatom as a n external chemical scavenger for nutllents and that any agent 01 condition which llmits growth or metabolism stimulates greater ploduct~on of domoic acid by the dlatom Undel particular circumstances gluconic acid could act as such a stimulant in relation to growth and metabolism of the diatom through sequestering and thus limltlng nut]]-ents r e q u i~e d by the algae S t u d~e s are under way to resolve these points and have prov~ded preliminary e v~d e n c e that tends to reinforce thls hypothesis
